Background
Introduction
The human T-cell lymphotropic virus type 1 (HTLV-1) is a retrovirus of the Retroviridae family that infects CD4 T lymphocytes and stimulates their proliferation [1] . The most severe consequences of HTLV-1 infection are adult T-cell leukemia / lymphoma (ATL) and HTLV-1 associated myelopathy / tropical spastic paraparesis (HAM/TSP) [1] [2] [3] [4] . HAM/TSP is a progressive demyelinating disease affecting upper motor neurons; it is characterized by sensory and motor deficits more pronounced in the lower extremities, incontinence, and impotence [5] [6] [7] [8] [9] [10] [11] [12] [13] . Depending on the geographic location, 0.3 to 4% of HTLV-1 infected individuals develop HAM/TSP [14] .
HAM/TSP progression includes the degeneration of the spinal cord columns, often the lateral columns and occasionally the anterior and posterior columns [11] . The thoracic segments of the spinal cord are typically the most severely affected [11] . Spinal cord histopathology revealed that inflammation is a prominent feature in HAM/TSP: perivascular and parenchymal lymphocytic infiltrates were found in the white and grey matter, and activated microglia and macrophages were observed in the white matter, along with degeneration and gliosis [11] . The spinal cord lymphocytic infiltrates contained a mixture of CD4+ and CD8+ T-cells at early stages of the disease, whereas CD8+ T-cells were predominant at later stages [11] .
In patients affected by HAM/TSP, the pelvic girdle and the lower limbs muscles are damaged, leading to spastic gait and decreased gait velocity and dynamic balance [10, [15] [16] [17] . Any physical or physiological impairment in the muscles controlling the distribution of the body weight load on an individual's feet will severely affect the balance [18] . Therefore, the assessment of the standing balance is essential to the treatment of altered gait and dynamic balance in neurological patients [19] , as the evaluation of foot pressure points can indirectly indicate changes in the motor-sensory interactions controlling the body weight load distribution.
The feet support the body weight, especially in the orthostatic posture. Bipedal support is given by the tuberosities of the calcaneus and the heads of the first and fifth metatarsi [20, 21] . The body weight of an individual in the standing position is supported by the foot plantar surface, and the amounts of pressure applied on different areas of the feet represent indirect indicators of the mechanisms used to maintain body posture and symmetrical distribution of the body weight load [22] . In the standing position, the body weight is distributed between the hindfoot and the forefoot, which support about the 57% and 43% of the body weight, respectively [23] . The baropodometric analysis uses resistive or capacitive sensors to measure electrical current flow or capacitance on a footboard while the individual is standing on it [24] . It maps the pressure load on the foot plantar surface and thus allows functional evaluations.
The study of plantar pressure and balance can be used to develop methods for the prevention, assessment, and treatment of pathological changes that hinder normal gait and affect the quality of life [25] . Patients affected by HAM/TSP with severe motor and sensory impairments in the lower limbs are likely to have an unbalanced distribution of the body weight load on their feet. However, detailed quantitative information about this condition is still lacking. Therefore, in this work we investigated and compared plantar pressure distribution on different foot areas in patients with HTLV-1 infection suffering from HAM/TSP, asymptomatic patients with HTLV-1 infection, and control subjects.
Methods Subjects
This cross-sectional study was done at the Institute of Health Sciences, Federal University of Pará, Brazil. Written informed consent was obtained by all the study participants. All procedures were in accordance with the Declaration of Helsinki and were approved by the Ethics Committee for Research with Human Subjects, Institute of Health Sciences, Federal University of Pará (report #633.187). The subjects were diagnosed at and recruited from the Tropical Diseases Nucleus, the center for reference and assistance with HTLV-1 disease in the State of Pará. HTLV-1 infection was diagnosed by an infectologist physician according to the criteria established by the World Health Organization (WHO) [26] , based on the patient's clinical history and neurological evaluation and the results of laboratory tests: ELISA (Cambridge Biotech, Worcester, MA, USA), Western blot analysis (HTLV blot 2.4, Genelab, Singapore), polymerase chain reaction (PCR), or a combination of these. The subjects were first diagnosed at the Tropical Medicine Nucleus according to the above criteria, or at blood banks during the screening for blood donation.
Patients unable to remain in standing position without assistance or suffering from conditions that may also impair the normal plantar pressure such as other neurological disorders, diabetes, rheumatic diseases, and peripheral vestibular syndrome were excluded from the study. Subjects with physiological conditions (like pregnancy) that could alter the normal plantar pressure were also excluded.
Thirty-six HTLV-1 seropositive individuals were divided in two groups of 18 patients each: the subjects in the HTLV-1 group did not show any clinical conditions compatible with HAM/ TSP, whereas the subjects in the HAM/TSP group met the WHO criteria for HAM/TSP diagnosis. In addition, 17 age-, sex-, and body mass index (BMI)-matched volunteers were enrolled in the control group. Table 1 summarizes the characteristics of the study participants. There were no statistically significant differences in the weight, height, and BMI in the three groups. The patients in the HTLV-1 group had been HTLV-1 seropositive significantly longer than the patients in the HAM/TSP group (p < 0.05).
Additional clinical parameters such as reflexes, skin tactile sensitivity, and balance were also assessed. Patellar and Achilles reflexes were tested using a reflex hammer. Four HTLV-1 and nine HAM/TSP patients had altered Patellar and Achilles reflexes, and two HAM/TSP patients had altered patellar reflex.
The tactile sensitivity of the foot plantar skin was investigated using Semmes Weinstein monofilaments. We used 5 monofilaments with force levels of 0.2, 2, 4, 10, and 300 g. The patients were lightly touched with the monofilaments in 8 different foot areas (6 areas in the forefoot, 1 in the midfoot, and 1 in the hindfoot) and asked whether they felt the monofilament touching their skin. Each monofilament was used three times, starting with the lightest. The sensitivity threshold was defined as the lightest monofilament identified by the subject; whenever the threshold was higher than 0.2 g, the skin tactile sensitivity in that area was considered altered. Altered sensitivity in the forefoot, midfoot, or hindfoot was observed in respectively 13, 14, and 15 HTLV-1 patients, and in 16 HAM/TSP patients for each area.
Berg balance scale was used to evaluate the balance. Postural transfers, stationary balance during sitting and standing positions, functional reach, rotational components, and base of support were assessed through 14 tasks. The total possible score of the scale is 56, and the risk of falling was classified as low (scores > 41), medium (scores from 21 to 40), or high (scores < 20). All HTLV-1 subjects had a low risk of falling, whereas HAM/TSP patients had low, medium, or high risk of falling (9, 8 , and 1 patient, respectively).
Plantar Pressure Measurements
Barefoot plantar pressure measurements were performed using the capacitive pressure platform EPS/R1 (Loran Engineering, Castel Maggiore, Bologna, Italy), with 2 224 sensors distributed in 48 cm² and connected to a computer with Biomech software. Environmental illumination and sound conditions were kept constant during the evaluation of all subjects. The static analyses were performed with the individuals standing barefoot, with their feet apart at a distance proportional to the shoulders distance and their arms lying along the body. The subjects directed their gaze to a white circle target painted on the wall 1 m away. The plantar pressure was recorded in 6 sessions of 1 min each, 3 in the "open eyes" condition and 3 in the "closed eyes" condition. A 30 to 60 s rest interval separated two consecutive recording sessions. For further data analyses, the mean values calculated from the three sessions recorded in each condition were used.
The medium and maximum plantar pressure values recorded in ten different regions of each foot were reported; the ten areas were the hallux-toe 1 (T1), the four other toes grouped together (T2-5), all five metatarsi individually (M1, M2, M3, M4, and M5), the midfoot (MF), and the medial and lateral heel (MH and LH, respectively). In each trial, the pressure on each area was calculated as percentage of the total pressure on the foot.
Kruskal-Wallis test with Dunnet post-hoc test was used to compare the pressure measured in each foot region among the three groups (HTLV-1, HAM/TSP, and control). We also calculated the groups odds ratio to increase or decrease the medium and maximum pressure on the forefoot (T1, T2-5, M1, M2, M3, M4, and M5) and hindfoot (MH and LH). Each group was compared with the other two; the odds ratios were calculated for different forefoot and hindfoot percentage pressure values. We reported the highest percentage values associated with statistically significant odds ratios. We considered as statistically significant a p-value < 0.001 after adjustment for multiple comparisons. All statistical analyses were performed using BioStat 3.0 software [27] . In the open eyes condition, the medium pressure values in the HAM/TSP group were higher than the control group's values at M1 (forefoot, p < 0.001), higher than HTLV-1 group's values at T2-5 (forefoot, p < 0.001), and lower than the control group's values at LH (hindfoot, p < 0.001). There were no statistically significant differences among the three groups in the medium pressure values at T1, M2, M3, M4, M5, MF, and MH. The maximum pressure values of the HAM/TSP group were higher than the control group's at T1 (p < 0.001), higher than both control and HTLV-1 groups' at T2-5 (p < 0.001), lower than both control and HTLV-1 groups' at M1 (p < 0.001), and lower than the control group's at MH and LH (p < 0.001). There were no statistically significant differences among the three groups in the maximum pressure values at M2, M3, M4, M5, and MF. In the closed eyes condition, in the HAM/TSP group both the medium and the maximum pressure values were higher than the corresponding values in the control group at T1 (p < 0.001), higher than the corresponding values in the HTLV-1 group at T2-5 (p < 0.001), lower than the corresponding values in the control group at LH (p < 0.001), and finally the maximum pressure values were lower than the control group's at MH (p < 0.001). We found no statistically significant differences among the three groups in the medium or maximum pressure values at M1, M2, M3, M4, M5, and MF.
Results
The means and standard deviations of the medium and maximum pressure values in each group are shown in Table 2 . We observed that the HAM/TSP group generally had higher values in the forefoot and lower values in the hindfoot compared to the other groups, whereas the HTLV-1 group generally had pressure values intermediate between the values of the control and HAM/TSP groups.
Thus, we observed that the HAM/TSP group had a higher body weight load on the forefoot and less support on the hindfoot compared to the control group. Under physiological conditions, the percentage of the body weight load supported by the forefoot and the hindfoot is about 40% and 60% of the total pressure, respectively [23] . We observed that in the open eyes condition, compared to the control group, the HAM/TSP group was 5.26 times more likely to have a medium pressure value of 65% on the forefoot and 10 times more likely to have a maximum pressure value of 65% on the forefoot. In addition, compared to the control group, the HAM/TSP group was 16.6 times less likely to have a medium pressure value of 45% on the hindfoot, and 9 times less likely to have a maximum pressure value of 45% on the hindfoot. 65% and 45% were, respectively, the highest percentages of plantar pressure on forefoot and hindfoot, that yielded statistically significant odds ratios in this condition.
Similarly, in the closed eyes condition, compared to the control group, the HAM/TSP group was 6.25 times more likely to have a medium pressure value of 60% on the forefoot and 4.76 times more likely to have a maximum pressure value of 65% on the forefoot. Finally, the HAM/ TSP group was 9 times less likely to have a medium pressure value of 40% on the hindfoot and 4.34 times less likely to have a maximum pressure value of 40% on the hindfoot. Also, the reported percentages were the highest that yielded statistically significant odds ratios in closed eyes condition.
Discussion
The results of this work indicate that HTLV-1 infection caused a displacement of the center of pressure of the body weight towards. To avoid falling, the pressure on the forefoot was increased. The body weight load balance of HAM/TSP patients was remarkably displaced from the hindfoot to the forefoot, while HTLV-1 patients showed a relevant balance displacement to the forefoot but normal pressure loads on the hindfoot. The pressure values of HTLV-1 patients were intermediate between the values measured in controls and HAM/TSP patients, suggesting a gradual worsening of these HTLV-1 infection-related complications towards the more severe phenotype observed in HAM/TSP patients.
Zunt et al. [28] used an objective evaluation of spasticity to quantify the muscle tone in the lower limbs of Peruvian HTLV-1 seropositive women with no history of spasticity. The authors observed subclinical signs of an increased muscle tone in a large fraction of HTLV-1 patients and suggested that HTLV-1 could affect the central nervous system in early stages of the infection. Dias et al. [29] used a modified Ashworth scale to evaluate the muscle tone of HAM/TSP patients and the Tinetti Performance-Oriented Mobility Assessment scale to evaluate their balance. These authors also found a slightly increased muscle tone in three muscle groups and a considerable fraction of patients at risk of falling. Cunha et al. and Macêdo et al. [25, 30] evaluated Brazilian populations in areas of high HTLV-1 infection prevalence and investigated the correlation between postural changes and the patterns of body weight distribution on the foot in patients infected by HTLV-1 [25, 30] . The main postural changes observed were the displacement of head and body positions towards the front, hip extension, and reduction in the ankle angle. Cunha et al. also verified that the shift in the body weight balance towards the forefoot occurred bilaterally, and the authors concluded that the postural changes were responsible for these changes in the body weight distribution [30] . In the present study, changes in the body weight balance were found in both groups of HTLV-1 seropositive patients. HTLV-1 patients showed high pressure loads at the hallux and first metatarsus, whereas HAM/TSP patients had high pressure loads in these areas and also on the remaining toes. This finding may indicate a gradual transition from the initial stages of HTLV-1 infection, without overt neurological symptoms, to later stages when the disease worsens and neural disturbances emerge, eventually leading to HAM/TSP. The same rationale can explain the results observed in the hindfoot: HAM/TSP patients had an abnormally low body weight distribution in this area, whereas HTLV-1 seropositive patients showed a pressure load pattern similar to the pattern of control individuals. These results support the hypothesis of a progressive shift in the body weight balance: from physiological in healthy controls to mildly altered in HTLV-1 seropositive asymptomatic patients to significantly changed in HAM/TSP patients, as suggested by Zunt et al. [28] . The reports of motor weakness and spasticity caused by damage to the upper motor neurons may account for some of these findings of increased plantar pressure on the forefoot; however, a more detailed investigation of the correlation between spasticity and loss of balance would be necessary.
Tispismana et al. [31] used various clinical scales to evaluate HAM/TSP progression in Peruvian population and found that the HAM/TSP progression was faster in male patients but there was no correlation between disease progression and provirus load. We used Berg balance scale as a functional indicator of the patient's condition. All HTLV-1 patients had only a low risk of falling (and only minor changes in the body weight load distribution on the foot), whereas half of HAM/TSP patients had a moderate to high risk of falling. This increased risk of falling in HAM/TSP patients could be correlated to the significantly increased body weight load on the forefoot.
These changes may be due to the disease pathophysiology, which causes spasticity, muscular weakness, abnormal joint mobility, proprioception impairment, and muscle shortening [12, 29] . The spasticity observed in HAM/TSP patients is caused by inflammatory damages to the spinal cord, leading to the impairment or loss of the inhibitory mechanisms regulating motor neurons activity [32] . This is a phenomenon commonly associated with muscular weakness, changes in motor behavior, hypereflexia, abnormal posture, Babinski reflex, and impaired gait [6] [7] [8] [9] [10] 12, 13, 33] . The postural adjustments in patients with HTLV-1 may be a compensatory mechanism to avoid loss of balance. In this study, we observed that HAM/TSP aggravated the abnormal patterns of body weight load distribution on the foot. Disturbances in proprioception are responsible for important neurological changes, leading to alterations in the position of body and limbs and in the alignment of the center of mass with the base of support [19] . Altered proprioception is frequent in patients infected with HTLV-1 and suffering from HAM/ TSP, and it could be one of the factors responsible for the postural changes observed in these patients [16, 34, 35] . In our study, we observed that the skin tactile sensitivity of different regions on the plantar surface of the foot was altered in both groups of HTLV-1 patients. Diminished tactile sensitivity in specific foot areas could lead the patients to adjust accordingly the pressure loads applied to these areas to maintain the static postural balance. However, impaired proprioceptive sensitivity in the study participants may be in part responsible for the alteration in the body weight distribution that in turn caused the shift in the position of the center of mass leading to posture and balance alterations. Arnaut et al. used virtual reality to evaluate the balance, pain, and quality of life of patients with HAM/TSP [36] . The authors observed that these individuals had low scores in Berg balance scale and extremely impaired posture and balance, and that treatment did not ameliorate these conditions.
Many of the HTLV-1 patients who develop HAM/TSP need assistance to perform their daily activities (e.g., by using crutches or a wheelchair) because of their physical disability, risk of falling, and reduced quality of life and working ability [25, 33, 35] . The changes in the body weight distribution observed in this study could be a good predictive parameter identify the patients infected with HTLV-1 who are prone to develop HAM/TSP before the onset of the disease symptoms, thus allowing patients and physicians to take timely preventive measures.
Conclusions
Changes in plantar pressure caused by modifications in the body weight distribution on the foot were found in both groups of HTLV-1 patients. HTLV-1 asymptomatic patients and HAM/TSP patients had higher pressure loads on the forefoot compared to control individuals. HAM/TSP patients also showed lower pressure loads on the hindfoot. These findings suggest that patients with HTLV-1 may represent a transitional step in the progression from healthy individuals to patients with HAM/TSP, and that baropodometry can be a functional indicator of the neurological status of HTLV-1 infected patients. 
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